This work presents a method, based on X-ray microtomography and three-dimensional (3D) image analysis, of characterising and quantifying crack distribution in iron ore pellets. The aims have been to verify the method and to determine to what extent crack propagation contributes to the decrease in compressive strength that occurs during reduction at 500uC as haematite transforms into magnetite. Raw materials known to cause disintegration problems were selected in order to promote crack propagation. Pellets displayed crack lengths of sizes roughly corresponding to half the pellet diameter already before reduction and, during reduction, a further crack propagation of y50% occurred. Through estimations by finite element analysis of the crack size and the pellet geometry, it has been possible to determine that this crack growth most likely is a mechanism that contributes to the decrease in compressive strength. The decrease of ,90% that was experimentally determined to occur after 30 min of reduction is, however, too large to be explained by crack propagation alone. The study shows that the proposed techniques allow 3D imaging of iron ore pellets and characterisation of cracks. The scans are non-destructive and can be carried out repeatedly, which allows a specific sample to be studied at different stages during a process. Through future use of the proposed method, our aim is to reach a deeper understanding of the mechanisms behind low temperature disintegration of iron ore pellets and the performance of LKAB olivine pellets inside the blast furnace.
Introduction
It has been established previously that haematite pellets swell during reduction and that the swelling is connected to a decrease in mechanical strength. 1 Together with an applied mechanical strain, this can lead to the disintegration of the material. The degree of disintegration during the transformation to magnetite at 500uC is used as a pellet quality parameter [low temperature disintegration (LTD) test, according to ISO13930]. Test conditions are designed to simulate the conditions in the upper part of a blast furnace, and the strain caused by the phase transformation is combined with a mechanical strain as 0?5 kg pellets are tumbled in a rotating furnace for 1 h. The method was developed during the 1970s in order to prevent degradation problems caused by superfluxing additives. 2 Today, the method is mainly used as a quality assessment instrument by pellet producers to detect under and overfired pellets.
Since 1970, the LKAB olivine pellet has been used successfully primarily in northern Europe. 3 This has been possible despite the fact that the product displays relatively high levels of disintegration at low temperatures during laboratory testing. Probe samples taken from the LKAB experimental blast furnace 4 have, however, shown that disintegration rates within the furnace are considerably lower, and outstanding pellet performance has been achieved despite the level of disintegration at laboratory scale. 5 The reason behind this difference needs further clarification. It has been suggested elsewhere that the high production rate of modern blast furnaces suffices to reduce the severity of the problem. 6, 7 The disintegration during laboratory testing can be assumed to be a result of the combined effect caused by stresses from the phase transformation, the mechanical strain and the initial weaknesses in the pellet structure. In order to describe how these factors affect disintegration, there is a need to characterise how initial weaknesses grow into larger cracks leading to the breakdown of the pellet. This is expected to lead to a deeper understanding of when and to what extent variations in pellet quality at laboratory scale can be expected to affect blast furnace performance.
The aim of the current study is to investigate the possibility of using X-ray microtomography (XMT) and image analysis for quantitative analysis of cracks within iron ore pellets during reduction. In addition, an initial approach of using finite element (FE) methods for the modelling of material strength in the pellet, with respect to crack length (CL), is carried out. X-ray microtomography is a non-destructive imaging technique that allows repeated imaging of the full three-dimensional (3D) material microstructure, coded in density. With this technique, it is possible to characterise changes in density as samples are subjected to thermal or mechanical treatments.
This approach has been used for in situ observations of a number of different materials and processes. 8, 9 For example, it has been used for studies of metal powder compacts during sintering 10 and for analysis of crack propagation in cast iron due to fatigue. 11 Moreover, a similar methodology has also been used for 3D analysis of structural deformations in various materials, such as bone tissue, 12 wood, 13 rock, 14 cast iron 15 and granular beds, 16 by combining XMT imaging with a technique called digital volume correlation. 12 The fact that XMT gives a 3D representation of the material makes it a beneficial tool for imaging and analysis of cracks, which, due to their lack of isotropy and symmetry, are hard to predict and model based on single cross-sectional images. Many imaging techniques require the specimen to be sectioned and polished before examination, and the preparation itself might introduce new defects or cause further propagation of existing cracks.
The use of 3D image analysis on the results from XMT makes it possible to identify the cracks inside the material and make a quantitative characterisation of these features. This approach has been used on several other materials and processes, for example, on granular beds, 17, 18 rocks and mineral systems. [19] [20] [21] [22] [23] Moreover, it has been used for studies of pore structure and porosity in iron ore sinter. 24, 25 A review of different applications in the field of soil science is given by Taina et al.
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Material and methods
Material properties and processing
Raw material and pelletisation
Two magnetite concentrates were used in this investigation. The main differences between these are outlined in Table 1 . The first concentrate has been identified previously as a cause for increased deterioration rates during reduction due to its distribution of magnesium within the magnetite lattice. It was chosen to assure that the deterioration of the material would be sufficient for the investigation. The second concentrate was the standard pellet feed from the LKAB Malmberget mine. 27 Concentrates were mixed with additives (olivine, quartzite, limestone and bentonite) to reach the predetermined specifications and balled on a rotary disc to pellets with sizes of 10-12 mm. Pellets were loaded and indurated in a shaft furnace with a batch size of 40 kg. The maximum temperature during induration was 1300uC.
Reduction
For the reduction experiments studied with tomography, the pellets were placed in a furnace for determination of free swelling index (according to ISO 4698) and reduced for 10, 20, 30 and 60 min. Reduction was performed at 500uC with a gas composition of 20%CO, 20%CO 2 , 2%H 2 and 58%N 2 and a gas flow of 5 L min 21 (0uC, 1 atm). Compression strength was measured after reduction (and tumbling) in an LTD furnace (according to ISO13930). Gas flow, gas composition, treatment temperature and exposure times corresponded to those of the free swelling furnace mentioned above.
Sample set-up
In this investigation, 30 pellets, six unreduced pellets and six at each of the four degrees of reduction were scanned with XMT. The heat treated pellets were only scanned after reduction, which means that no information about the crack distribution in the original, unreduced pellets is available. The advantage of using this approach is that the average crack distribution of six pellets is evaluated instead of relying on a single pellet. Figure 1 shows the XMT systems used in this study. The system includes a microfocus X-ray source (L7901-01) and detector unit (C7876-10) from Hamamatsu Photonics. The iron ore pellet samples are positioned on a motorised rotation stage (Linos Photonics, RT120 ST), which, together with the image acquisition, is controlled from a host computer.
X-ray microtomography
During a scan, 744 X-ray projection images were collected at equal angles as the sample makes one full rotation. The X-ray tube voltage and current were held at 70 kV and 90 mA respectively. The source sample and source detector distances were 8?9 and 31?6 mm respectively, resulting in a 63?6 magnification and a theoretical pixel size of 30 mm/pixel. The dimensions of the projections were 6406509 pixels, and the acquisition time was 2?56 s. The tomographic reconstruction was carried out with a cone beam back projection algorithm (Feldkamp type). 28 Since the results describe the density of the material, the different constituents in the iron ore pellet are represented by different greyscale levels. Regions with high density, for example iron oxide particles, appear bright, while low density regions, like vacant spaces, such as cracks and pores, will appear dark. Before scanning, a white mark was painted on each pellet sample, as shown in Fig. 4a and d. The mark represents a simple coordinate system and is aligned with a laser crosshair in the XMT system, as shown in Fig. 1 . This enables retrieved information about interior cracks, from scanning and image analysis, to be traced to the outer surface structure.
Hence, this coordinate system enables a rough alignment when performing multiple XMT scans on the same sample or when performing complementary imaging or testing by other techniques.
3D image analysis
Image processing
The microstructure of the reconstructed samples was analysed using 3D image processing and analysis. The software was developed in Matlab using the Image processing toolbox.
The main focus was on the identification and characterisation of the crack network within the material. Figure 2 shows the basic steps of the image processing. Figure 2a shows a volume rendering of a reconstructed iron ore pellet. The scan was performed with a microtomography system from GE. 29 Figure 2b shows the histogram of the reconstructed 3D data. The dashed line represents the threshold for the binarisation, which was chosen at the minimum value between the histogram peaks (0?15). The greyscale values in the left peak correspond to voids in the pellet structure, such as cracks and pores, and also to the reconstructed background (transparent in the volume rendering). The greyscale values at the right hand side of the threshold correspond to the solid state material in the iron ore pellet. In this study, however, the cracks are the features of main interest and therefore the ones filtered out in the binary image (together with other voids and the background). Figure 2c shows the binary structure at the cross-section defined by the cut in Fig. 2a . Figure 2d shows the corresponding structure after removal of the background. A series of morphologic routines were applied in order to highlight elongated structures while suppressing features with a close to spherical shape factor. Figure 2e shows the removed features corresponding to pores and bubbles, and Fig. 2f shows the final structure, where only the crack network is present. Note, however, that these images represent 2D cross-sections, while the actual image processing is carried out on the full 3D data (the entire reconstructed iron ore pellet).
Feature detection and parameterisation
In a second step, all remaining features were identified and labelled based on the estimated CL. Here, the length is taken as the Euclidean norm of the smallest box (aligned with the global coordinate system) that entirely encloses the feature, as shown in Fig. 3 . Given a bounding box with the sides x c , y c and z c , as shown in Fig. 3b , the estimated CL will be 
All parameters associated with spatial quantities such as positions, distances and orientations are determined using a spherical coordinate system, as shown in Fig. 3a .
The estimated centre position of each crack, which is determined from a centre of mass calculation, is given by the coordinates d i , Q i and h i . The origin in this coordinate system corresponds to the spatial centre of the iron ore pellet, which is also obtained from a centre of mass calculation, under the assumption that the pellet is a homogeneous solid. Figure 4a -c and d-f shows two different samples represented by photography (Fig. 4a and d) , X-ray microtomography ( Fig. 4b and e) and through 3D visualisation of the crack networks ( Fig. 4c and f) . The four largest cracks in each sample are presented in different colours depending on size in descending order: red, yellow, green and blue, using volume rendering 3 a crack analysis is carried out using spherical coordinate system and b crack length is taken as Euclidean norm of smallest box that entirely encloses feature 4 Two different types of cracks: a-c images of iron ore pellet that contains major concentric crack and d-f images of another pellet that mainly contain radial crack. a, d photographs; b, e tomographic reconstructions; c, f visualisation of 3D crack networks obtained from image analysis. Here, four longest cracks in each sample are shown with different colours, in decreasing order: red, yellow, green and blue. White marks (paint) on samples, shown in a and d, represent simple coordinate system and enable retrieved information about interior cracks to be traced to outer surface structure software. 30 This allows a geometrical interpretation where it is possible to rotate the pellet and observe the crack network geometry from different angles. This will not only give information about the size, shape and position of the cracks but might also reveal possible crack connectivity.
In Fig. 4c , the largest crack (red) has a concentric shape, which can be seen in both Fig. 4b and c, but not on the surface structure in Fig. 4a . The second largest crack (yellow) is radial and found in the centre, oriented orthogonally to the larger concentric crack. Figure 4d -f shows the same type of plots for a pellet sample that contains a large radial crack, which is clearly visible in Fig. 4e and f and partially reflected on the pellet surface in Fig. 4d .
Compression strength measurement
The pellet compression strength as a function of duration in the LTD test was measured as an average of 20 pellets, which were randomly selected among the non-crushed pellets that remained after each experiment. Pellet compression strength ,100 daN/pellet was measured using a pellet multipress instrument. 31, 32 For levels .100 daN/pellet, an instrument for determining cold compression strength (according to ISO 4700) was used.
Numerical crack analysis
Linear elastic fracture mechanics is carried out in order to determine the effect of CL on the compressive two-point loading strength of the pellets. The FE method in the framework of the program package FRANC2D 33 has been used for simulation of the crack sensitivity. The determination of the stress intensity factor is based on the displacement correlation technique 34 using singular quarter point, six-node triangular elements around the crack tip (Fig. 5) . It is worth noting that in a quarter point element, the mid side node is located at the quarter distance away from the crack tip node in order to provide more accuracy for the calculated stress and displacement fields around the tip. The technique uses the differential displacements of the adjacent nodes across the crack to compute the stress intensity factors. In this work, the stress intensity factor K I is investigated and computed numerically for the plane strain condition according to
where E is Young's modulus of the material, n is the Poisson's ratio, L is the FE length on the crack face and V are displacements of the FE nodes b, c, d and e. An idealised 2D FE model of an iron ore pellet with a central straigth crack is worked out. It is a plane strain circular model with a diameter D of 12 mm and a thickness of 1 mm. Four node elements are used for the outer region of the iron ore pellets; quarter point element for the crack tips and triangular element are used in the region between. A CL sensitivity study is carried out where six different CLs are modelled and solved with an idealised 2D FE model. The FE mesh of the iron ore pellet model is seen in Fig. 6a . In Figure 6b , a view of the crack is seen in the loaded condition; displacements are magnified 100 times in order to visualise the crack opening. Owing to the lack of material data for iron ore pellets, a phenomenological study is performed where the results are presented in relation to the iron ore pellet with smallest CL. Thus, two arbitrary values of Young's modulus and Poisson's ratio are chosen for the six different CL models. A distributed load F is applied to the two upper and lower elements of the iron ore pellet model. The load is adjusted to give the same value of the crack intensity factor K I for all CLs. At an equal value of K I , all cracks are equally strained and likely to break.
Results and discussion
Crack network visualisation Figure 7 shows 3D crack visualisations for non-reduced pellets (Fig. 7a) , pellets after reduction for 20 min (Fig. 7b) and after 60 min (Fig. 7c) . These images allow a qualitative interpretation of size and geometry for the most prominent cracks.
In the majority of the non-reduced pellets, the largest crack already has a length that exceeds the radius of the pellet. After 20 min, the cracks are significantly larger, and after 60 min, they appear somewhat smaller compared to the cracks in the pellets reduced for 20 min. These results are consistent for all analysed samples. The reason behind the large cracks observed in the unreduced pellets has not been investigated further but might be an indication that the disintegration problems previously experienced with this raw material might originate from effects caused during pellet induration. a before reduction; b after 20 min of reduction; c after 60 min of reduction 7 Crack network visualisation for 18 different pellets from three reduction states
Quantitative crack analysis Figure 8 shows the estimated CL obtained from 3D image analysis as function of the time under reduction for the largest crack in each analysed pellet. On the main y axis, values are normalised to the maximum attainable CL, i.e. the full fracture along the pellet diameter.
The results are consistent with the observations made in the crack network visualisation (Fig. 7) , where the largest cracks are observed after 20 min and the samples heat treated for 10, 30 and 60 min display shorter CLs. The CLs after 20 min are y50% longer compared to the cracks in the original unreduced state. The initial increase in CL is expected to be a result of increased stress in the material as the topochemical transformation from haematite to magnetite reaches deeper into the pellet. The observed decrease in CL during the latter part of the heat treatment has not been investigated but could be the result of reduced stress levels as the phase transformation is complete. This could partially close the width of existing cracks below the detection limit of the instrument.
Some of the CL values (displayed on the second y axis in Fig. 8 ) are longer than the diameter of the pellet itself. This is an effect of the approximation, where CL is obtained from the Euclidean norm (equation (1)) of the smallest box that entirely encloses the crack. As can be seen in Fig. 7 , the crack geometry is sometimes rather complex and extends in all three dimensions, which might result in boxes where the space diagonal exceeds the pellet diameter. Normalisation is carried out with respect to the maximum value of CL that is obtainable, which corresponds to a (hypothetical) crack that spans the full diameter of a 12 mm pellet in all three dimensions (CL max 53 1/2 612). The analysis clearly shows that the method can characterise the crack network in pellets under reduction and quantify the result to the point where the relative effects on compressive strength can be estimated.
Compression strength measurements
The compressive strengths for pellets reduced for between 5 and 60 min are shown in Fig. 9 . During reduction, strength decreases from 190 daN/pellet after 5 min to levels ,25 daN/pellet for reduction times between 30 and 60 min, which corresponds to reduction in compression strength of ,90%.
For practical reasons, these measurements had to be performed on pellets manufactured from a different raw material (grade 2 in Table 1 ) than pellets used in the rest of the investigation. The difference in composition is assumed to have no effect on the decrease in compressive strength.
Estimation of effect of crack growth on compressive strength
In Fig. 10 , the result from the FE modelling is illustrated as the relation between the CL and the applied force needed to break the sample. The result has been normalised to the force from a crack with a length of 1% of the pellet diameter.
The red coloured region corresponds to the CLs determined in the experimental study, as presented in Fig. 8 . However, to make the experimental results comparable with the FE analysis, we assume that the maximum deviation due to the CL estimator can be treated as a bias and that the normalised CL in Fig. 8 is comparable to that from modelling (Fig. 9) . Using this assumption, the experimentally determined CLs (average) span a region from 0?45D to 0?66D, a region in which the resulting load and the compression strength scale linearly with the CL.
This indicates that the experimentally observed crack growth of 50% should correspond to a decrease in compression strength of y30%. This is less than the approximate 90% decrease that was determined experimentally (Fig. 9 ) but within the same order of magnitude. This is interpreted as an indication that crack propagation is one, but most likely not the only, mechanism contributing to the decrease in compressive strength of pellets during low temperature reduction.
The other mechanism likely to be contributing to the decrease in compressive strength is the formation of microporosities created as a result of the phase transformation from haematite to magnetite. Previous authors have identified this factor as the main cause for the decrease in compressive strength.
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Conclusions
With the equipment and proposed experimental techniques, it has been possible to characterise the crack network in pellets under reduction and quantify the result to the point where the relative effects on compressive strength can be estimated. The analysed pellets contained relatively long cracks of sizes comparable to the pellet radius before reduction. During reduction, a further 50% increase in CL occurred. With FE modelling, it has been possible to estimate the effect of the crack propagation on compressive pellet strength. The predicted effect roughly corresponds to 30% of the experimentally determined decrease in strength. This is interpreted as an indication that crack propagation is one, but most likely not the only, mechanism contributing to the decrease in compressive strength of pellets during low temperature reduction.
The main intention has been to develop a method able to characterise crack propagation during reduction, from small defects (.1 mm) to cracks large enough to cause breakdown of pellets into smaller fragments. The experimental conditions have not been optimal for this purpose, as the analysed pellets were found to contain large cracks before reduction started. Crack propagation during reduction has also been limited and has not in any case been sufficient to cause breakdown into pellet fragments. In future investigations, attempts will be made to apply experimental conditions more similar to those standardised under ISO13930 in order to characterise a larger part of the crack propagation.
